Inspired by previous reports, our group has recently demonstrated that C-peptide exerts beneficial effects upon interactions with red blood cells (RBCs). These effects can be measured in RBCs obtained from animal models of both type 1 diabetes and type 2 diabetes, though to different extents. To date, the key metrics that have been measured involving C-peptide and RBCs include an increase in glucose uptake by these cells and a subsequent increase in adenosine triphosphate (ATP) release. Importantly, to date, our group has only been able to elicit these beneficial effects when the C-peptide is prepared in the presence of Zn 2+ . The C-peptide-induced release of ATP is of interest when considering that ATP is a purinergic signaling molecule known to stimulate the production of nitric oxide (NO) in the endothelium and in platelets. This NO production has been shown to participate in smooth muscle relaxation and subsequent vessel dilation. Furthermore, NO is a well-established platelet inhibitor. The objective of this review is to provide information pertaining to C-peptide activity on RBCs. Special attention is paid to the necessity of Zn 2+ activation, and the origin of that activation in vivo. Finally, a mechanism is proposed that explains how C-peptide is exerting its effects on other cells in the bloodstream, particularly on endothelial cells and platelets, via its ability to stimulate the release of ATP from RBCs.
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C-peptide secretion from pancreatic beta-cells
iabetes now affects about 20.8 million people in the United States. It is estimated that by the year 2050, approximately 48.3 million people in the United States will have diabetes [1] . Diabetes is generally classified into three separate categories; type 1 diabetes (also known as juvenile diabetes), type 2 diabetes (also known as adult onset diabetes), and gestational diabetes. The latter form occurs during pregnancy and is often reversible at the end of the pregnancy. Most of the diagnosed diabetes cases are of the type 2 form [2] , and are now beginning to affect children as well as older adults. Though a complete understanding of the etiology of type 2 diabetes is lacking, it is often associated with phenomena such as insulin resistance and hyperglycemia. In the state of insulin resistance, beta-cells are still producing insulin. However, this insulin does not optimally perform its major function of facilitating glucose transport into such cells as muscle cells, fat cells (adipocytes), and endothelial cells.
Type 1 diabetes is similar to type 2 diabetes in that insulin is a major determinant in the disease. However, unlike type 2 diabetes, where insulin is produced until the latter stages of the disease, type 1 diabetes is typified by the lack of insulin production by the beta-cells. Therefore, people with type 1 diabetes, who represent about 10% of the diabetic population, must receive insulin in the form of injections or pumps.
Insulin is produced in the islets of Langerhans as part of a molecule known as proinsulin, as shown in Figure 1 . Two endopeptidases are involved in cleaving the proinsulin molecule, one cleaving exclusively on the C-terminal side of Arg 31/Arg 32 (B-chain/C-peptide junction), the other on the C-terminal side of Lys 64/Arg 65 of proinsulin (C-peptide/A-chain junction) [3] . Thus, this 31 amino acid peptide, when released, is in equimolar amounts to insulin [4] . Since the discovery of C-peptide [4] , many groups have attempted to classify a biological role for this 31 amino acid peptide. For example, it has been established that C-peptide increases renal function [5] [6] [7] [8] [9] [10] , and microvascular blood flow in the skin of type 1 diabetic patients [11] . Other reports have demonstrated the ability of C-peptide to reduce diabetic complications associated with neuropathy [5, [12] [13] [14] . It has also been reported that human Cpeptide [15] , or its fragments [16] , increases red blood cell (RBC) deformability in patients with type 1 diabetes.
Insulin-independent effects of Cpeptide and metal activation C-peptide has been shown by our group and other groups to interact with RBCs [15] [16] [17] [18] . In the studies involving deformability [15] [16] , the RBC samples were incubated with C-peptide alone and, after an incubation period, improvements in deformability of the RBCs obtained from diabetic patients were measured.
In our lab, no measurable interactions between C-peptide and the RBC have been measured to date unless a metal (such as Zn
2+
) is added to the C-peptide prior to incubation with the RBC sample. At this point, we acknowledge that further studies are needed to explain the results obtained in our laboratory requiring metal activation. However, there are reports in the literature that contain data suggesting that C-peptide is more effective in the presence of higher concentrations of Zn
. For example, in the aforementioned study involving C-peptide fragments and RBC deformability, addition of ethylenediaminetetraacetic acid (EDTA) to the samples prior to the addition of C-peptide abolished all deformability improvements [16] . Based on previous results involving a C-peptide-stimulated increase in the concentration of intracellular Ca
, it was concluded that the EDTA was binding to Ca
, and preventing the required increase in intracellular Ca 2+ levels. Another possibility is that the EDTA was competitively removing a metal from the C-peptide, thereby precluding its ability to interact with the RBC. In our studies, we have shown that Cpeptide (when activated with Zn
) results in an increase in ATP release when using a Ca 2+ -free buffer (submitted work). These results suggest that EDTA's ability to abolish activity may not have been solely due to a decrease in Ca 2+ , but also due to its ability to pull any activating metals from C-peptide. Previously, we have shown that other metals have the ability to stimulate interactions between C-peptide and the RBC [17] . Both Fe 2+ and Cr 3+ have been employed successfully in our studies.
We acknowledge that, to date, we are the only group requiring metal activation of C-peptide for any beneficial effects [17] . A simple answer would be that, in addition to the deformability studies involving C-peptide, we are one [17] of only a few groups [15, 16] to demonstrate beneficial effects with RBCs. Interestingly, even our first attempts at using C-peptide with RBCs were successful without the exogenous addition of a metal. However, through a careful mass spectroscopic analysis of our commercially purchased (>98% pure) Cpeptide, it was discovered that there was a trace of Fe 2+ bound to the C-peptide. When this sample was further purified in our own laboratories by high performance liquid chromatography (HPLC), reanalyzed and confirmed by mass spectrometry to not contain Fe 2+ , there were no subsequent effects from C-peptide on the RBCs. Furthermore, oxidation of that Fe 2+ to Fe 3+ resulted in minimal iron binding to the C-peptide, and subsequent loss of activity.
There are critiques of a hypothesis claiming that C-peptide requires metal activation for beneficial effects that are independent of insulin. The first and most obvious is the considerable amount of well-performed studies in the literature demonstrating C-peptide activity on multiple cell types without any exogenous addition of metal. Confirmation of C-peptide purity used by other groups in subsequent studies will provide clarity in this area. However, in addition to RBCs, our group can only elicit responses from other cell types when the C-peptide is in the presence of Zn
. Figure 2 shows glucose uptake into endothelial cells obtained from bovine pulmonary artery in the presence of C-peptide, and C-peptide in the presence of Zn
. As shown, the increased glucose uptake (measured as 14 C-labelled glucose) is modest; nevertheless, in the absence of Zn 2+ , the measured increase is statistically equal to endothelial cells without any C-peptide added.
In addition to RBCs and endothelial cells, recent preliminary studies by our group clearly show that, in the presence of C-peptide, the ability of alveolar macrophages from rabbit lungs to phagocytose bacteria increases significantly due to an increase in glucose uptake through the macrophages GLUT1 transport mechanism.
Another critique is the notion that there are adequate levels of metals such as Fe 2+ and Zn 2+ in the bloodstream to activate C-peptide. While these metals do exist in the bloodstream, it is highly unlikely that they would exist in a bioavailable form. It is more likely that any Fe 2+ or Zn 2+ is bound to various other molecular species (e.g. hemes, proteins). Even if nanomolar levels of these metals do exist in a free form in the bloodstream, the millimolar levels of other metals (Na + , K + , etc.) would out-compete these less concentrated metals for binding sites (the glutamates and aspartate) on the C-peptide.
If C-peptide does require metal activation, it is not yet exactly clear how this activation takes place. However, an evaluation of pancreatic betacells and beta-cell granules holds a possible answer, which is summarized in Figure 3 . The betacell granules contain Zn 2+ transporter proteins that constantly shuttle Zn 2+ into the granules. It is estimated that the concentrations of Zn 2+ in these granules are well into the millimolar range. In the granules, Zn 2+ is a key component of the insulin hexamer that exists in these granules. It has been reported that the Zn 2+ facilitates insulin binding through histidine groups found on the insulin molecules, resulting in a hexameric complex that contains 6 insulin molecules and 2 Zn 2+ atoms. Importantly, the estimated pH inside of the granules is approximately 5 [19] .
In previous work, Kennedy et al. [20] show that a pH change (towards physiological pH) is a requirement for proper disaggregation of the insulin hexamer. In separate studies, Shafqat et al. [21] show that C-peptide has the ability to enhance the disaggregation of hexameric insulin into mono- Figure 1 . Proinsulin C-peptide is shown with the amino acids representing C-peptide labeled. The four glutamic acid residues (E), and the aspartic acid residue (D), are thought to be key sites for C-peptide activity.
meric form. In the work by Shafqat, in vitro studies reveal an approximate 10-20% increase in monomeric insulin in the presence of C-peptide at pH 5; however, when insulin and C-peptide are added subcutaneously at the same depot to humans with type 1 diabetes, the increase in plasma insulin is approximately doubled between 10 and 60 minutes after injection in comparison to when the C-peptide and insulin were administered at different ports. Therefore, the studies by Kennedy and Shafqat suggest that, while there may be a reliance on pH for the breakdown of hexameric insulin, there appears to be a clear role for C-peptide in that process. One possibility is that the increase in pH deprotonates the glutamic acid and aspartic acid residues, rendering them ionized and more capable of binding Zn
, and facilitating the breakdown of the insulin hexamer.
If C-peptide binding to Zn 2+ was involved in the breakdown of the insulin hexamer, it would also be expected that insulin containing Zn 2+ would be able to activate C-peptide-induced release of ATP from RBCs. In an in vitro study performed in our laboratory, we have been able to demonstrate that insulin containing 0.5% (w/w) Zn 2+ added to Cpeptide prior to incubation with RBCs did indeed elicit a response from these cells in the form of ATP release. However, similar studies, in which the insulin was purified by HPLC to contain no Zn 2+ prior to adding to C-peptide, resulted in an ATP release value that was not statistically different from RBCs incubated in buffer or purified Cpeptide alone (i.e., C-peptide with no exogenous metal added). These data suggest that C-peptide may be obtaining Zn 2+ after secretion from the beta-cell granules.
Effects of C-peptide on cells in the bloodstream
The previous reports showing beneficial effects of C-peptide covering a wide range of complications (nephropathy, neuropathy, etc.) suggest the possible production of a multi-tasking molecule that is stimulated by the presence of C-peptide. It is well established that the endothelium-derived relaxing factor, nitric oxide (NO), behaves as such a multi-tasking molecule, being responsible for various physiological effects including smooth muscle relaxation, non-specific immune response, modulation in neurotransmission, and inhibition of platelet activation, aggregation and adhesion. NO produced by endothelial cells is also a major determinant in the control of vasodilation [22] [23] [24] .
Physiologically, an alteration in shear stress to which the endothelial lining of blood vessels is subjected, has been suggested to be a major stimulus for NO release [23] [24] [25] [26] . However, it has also been reported that, in the rabbit pulmonary circulation, in the absence of red blood cells (RBCs), alterations in shear stress alone did not evoke release of NO in the pulmonary circulation [27] . In contrast, in lungs perfused with rabbit blood, NO was found to be a determinant of vascular resistance. Importantly, the component of blood, responsible for the stimulation of endogenous NO synthesis, was determined to be the RBC, via the release of adenosine triphosphate (ATP) [28] . Indeed, the application of ATP to endothelial cells resulted in an increase in NO synthesis [29, 30] . ATP is of particular interest because it is present in millimolar amounts in RBCs [27, 28, 30, 31] .
If C-peptide is a determinant of NO synthesis, and ATP is a required component for such synthesis, a hemodynamic response to C-peptide should be demonstrable in the RBC. Although previous studies have demonstrated that C-peptide had the ability to improve blood flow in skin and in the microvasculature, no mechanism for this improved blood flow had been reported. A recent publication reported that the ability of RBCs obtained from healthy rabbits to release ATP more than doubled over an 8 h incubation period, when incubated with C-peptide at physiological concentrations (1-10 nM) [17] . These results led us to believe that Cpeptide may be exerting some of its effects via its ability to stimulate ATP release, which in turn promotes NO production, as shown in Figure 4 .
In addition to the effects on RBCs obtained from non-diabetic animals (both rabbits and rats), C-peptide has also been shown to have a positive effect on RBCs obtained from rat models of both type 1 and type 2 diabetes, albeit with varying activities. A small scale study involving RBCs obtained from a rat model of type 1 diabetes revealed that the overall percentage increase in ATP release was not statistically different to the release measured from RBCs obtained from control rats [18] . In contrast, in a rat model of type 2 diabetes, ATP release from these cells were significantly less (approximately 50%) than that obtained from control RBCs [18] . Subsequent studies suggested that exogenously added C-peptide was interacting with the RBCs obtained from the type 2 rat models to a much lesser extent than the control RBCs (again, approximately a 50% reduction).
One of the longstanding criticisms of C-peptide is that people with type 2 diabetes, or at least those considered to be pre-diabetic or in the early stages of having been diagnosed with type 2 diabetes, often have normal or above-normal C-peptide levels in the bloodstream. Our studies, involving the RBCs obtained from type 1 (BB/Wor) rat models, suggests that these cells respond favorably to exogenously added C-peptide, and that there is no inherent problem with these cells that would preclude positive results from C-peptide replacement therapy. Administration of Cpeptide to the type 2 RBC (especially when the RBC has been obtained from a poorly controlled type 2 subject, such as the BBZDR/Wor rat) results in less positive effects compared with type 1 or control RBCs. However, such results with type 2 RBCs should not lead to a premature conclusion that C-peptide does not have any beneficial physiological effects. On the contrary, it shows that C-peptide may be an important species in diabetes because, not unlike the interactions of insulin with certain cell types, C-peptide seems to find "resistance" from interacting with RBCs. Indeed, the concept of "resistance" against the C-peptide interaction with RBCs can also be supported by the excess of C-peptide often found in type 2 diabetics, which may actually bring about this resistance. Interestingly, it has been recently reported that metformin helps to ) transporter proteins (ZnT-8) shuttle Zn 2+ into the granules where it participates in the packaging of insulin as a crystalline hexamer. Also depicted in the granules is C-peptide; the pH inside the granules is estimated to be ca. 5. Upon secretion from the granules into the islets, the pH raises rapidly, resulting in the breakdown of the insulin hexamer into individual monomer units. The knowledge of Cpeptide's role in this breakdown remains incomplete, although studies have shown that C-peptide does participate in the breakdown process. One possible mechanism is that the low pH of the granules keeps glutamic acid residues (structure shown inside the beta-cell) protonated until secretion where it changes to glutamate (structure shown above the beta-cell), a substance capable of binding Zn overcome the reduced interactions between C-peptide and the type 2 RBC [18] .
It should be noted that all of the studies involving Zn 2+ activation of C-peptide have been performed in a somewhat conservative manner; that is, the Zn 2+ has always been added in equimolar amounts to the C-peptide. Recently, we have hypothesized that the type 2 diabetic RBC (again, obtained from BBZDR/Wor-rats) exhibits some level of resistance to C-peptide due to an exposure of negatively charged phosphatidylserine (PS) lipids to the outer leaflet of the cell membrane. Such externalization of the PS lipid may repel the highly negatively charged C-peptide (with its five carboxylate groups, see Figures 1  and 2 ). If so, it would be likely that an increased ratio of Zn 2+ to C-peptide would help overcome RBCs in hyperglycemic conditions more prone to PS lipid exposure. Figure 5 , though preliminary, contains data supporting this notion. Figure 5 shows results from RBCs incubated in buffers containing incremental levels of glucose, and stimulated with C-peptide containing various levels of Zn
2+
. As shown, as the amount of Zn 2+ added increases, the C-peptide is able to continue its role as a stimulus of ATP release from the RBC.
C-peptide has been reported to stimulate improved blood flow in the forearm [32] , skin [11] , and myocardium [33] of patients with type 1 diabetes. Although C-peptide itself has been reported to stimulate eNOS in other cell types [32, 34] , it may be possible that the improvements in the blood flow are due to the effects that C-peptide exerts on RBCs.
As mentioned above, it is now well-established that RBC-derived ATP is a recognized stimulus of NO production in the endothelium due to its binding of P2Y purinergic receptors found on the endothelium. We have now shown that C-peptide is able to stimulate ATP release from the RBC. Collectively, these findings suggest that C-peptide's ability to improve overall blood flow may be due to its ability to increase the release of NOstimulating ATP.
The effects of C-peptide in this regard may be multifaceted, as well. That is, there are many stimuli for increasing ATP release from the RBC including hypoxia [35] [36] [37] [38] , pharmaceutical agents (e.g., iloprost) [39] , acidosis [31] , and deformation [28, [40] [41] [42] . We have learned that C-peptide (when metal-activated) is able to increase the release of ATP from RBCs even in the absence of any flowinduced deformation. Although a mechanism for this release has not been completely elucidated, an increase of glucose uptake into the RBC must occur before the ATP release is measured. This hypothesis is in agreement with a recent finding suggesting that increased glycolytic metabolism by the RBC facilitates an increase of ATP release from these cells [43] . Therefore, in addition to stimulating ATP release in the absence of any external stimuli, the ability of C-peptide to improve the deformability of the RBC may coincide with a mechanism proposed by Sprague [40, [44] [45] [46] . This mechanism describes a deformation-induced activation of a G-protein coupled receptor that subsequently leads to the release of ATP release from the RBC.
Recently, in vitro studies involving immobilized endothelial cells revealed that C-peptide may also have an effect on platelet adhesion [47] . This finding is in contrast to a previous report that Cpeptide does not have any direct effects on platelets [48] . In this context, we have also found no di- rect effects of C-peptide on platelets. However, when platelets are added to a sample of RBCs containing C-peptide, the platelet behavior is altered. Specifically, in a recent study, platelets were pumped across endothelial cells immobilized in flow channels having a diameter of about 200 micrometers [47] . The number of platelets adhering to this endothelium per unit area depended upon the amount of ATP present in the media with the platelets. As shown in Figure 6 , when these platelets were added to a solution of RBCs, and then pumped across the endothelium, the number of platelets adhering decreased from 16 ± 2 to 8 ± 3. Inhibition of ATP release from these RBCs resulted in the number of platelets adhering to increase to a value of 18 ± 2. These studies suggested that the RBC-derived ATP release was able to affect platelet adherence to the endothelium by stimulating NO production in both the endothelium and the platelets. As a powerful inhibitor of platelet activation, NO production may have reduced platelet adhesion to an endothelium. Indeed, when C-peptide was added to the RBCs prior to addition of the platelets, the number of platelets adhering to the endothelium decreased to a value of 5 ± 1. Consistent with previous work, C-peptide in the absence of Zn 2+ had no effect on platelet adhesion.
In addition to the adhesion studies performed above using the RBCs from healthy rabbits, our group has also performed experiments involving platelets and RBCs obtained from rat models of type 1 diabetes. These studies (currently in revision) demonstrated that NO production is increased in platelets obtained from type 1 rats when stimulated with the supernatant from centrifuged RBCs from the same animals that had been stimulated with metal-activated C-peptide. Further studies confirmed that RBC metal activation was required, and that ATP was the source of stimulus in the supernatant. Previously, it had been shown that administration of C-peptide caused a significant delay in arteriolar and venular thrombus growth in normal and diabetic mice [49] . However, subsequent perfusion with insulin (100 microU/ml) reversed these effects, leading us to believe that C-peptide may not be beneficial as an anti-thrombotic treatment option. In contrast to these studies demonstrating a beneficial effect of C-peptide on platelet activation, studies by Hu et al. [45] (in which insulin or C-peptide, or a combination thereof, was administered to whole blood) show that insulin results in an increase in fibrinogen binding; however, C-peptide demonstrates no ability to reverse this trend [50] .
In addition to platelets, C-peptide has also been reported to decrease leukocyte adhesion [51] . When C-peptide was administered to rats previously administered L-NAME to inhibit NO production, a significant increase in leukocyte rolling and adhered leukocytes were measured. However, in the presence of C-peptide alone, these measured leukocyte effects were attenuated. It was concluded that these effects were related to the ability of C-peptide to affect endothelial cell adhesion molecules, and maintenance of NO release from the endothelium.
C-peptide: a multi-tasking molecule or stimulus of such?
To date, C-peptide has been reported to induce a number of various activities in various cell types, and a multitude of beneficial in vivo effects, suggesting that C-peptide is truly a multi-tasking molecule in its own right. However, the question remains as to whether C-peptide is directly responsible for these effects or if it is stimulating the production of another molecule, such as ATP, that is stimulating these effects.
Previous studies involving C-peptide interactions with RBCs clearly demonstrate that Cpeptide is able to stimulate glucose uptake into the RBC, resulting in the release of ATP into the extracellular matrix [18, 52] . This glucose uptake results in an increase of ATP production by the RBC. An increase in cellular energy (ATP), due to this glucose uptake, would result in an increase in kinase activity, due to ATP serving as the phosphate source for the phosphorylation activity of kinases. In addition, it would also serve as the energy for ATPase driven pumps.
In addition to its effects on the intracellular machinery, we strongly believe that one of Cpeptide's major roles is its role in ATP release from RBCs. As mentioned above, the studies involving C-peptide and its effect on RBC deformability inspired much of our current efforts involving C-peptide. There are many diseases, in addition to diabetes, where the RBC-derived ATP release is smaller than in healthy individuals. All of these diseases have associated blood flow problems. People with cystic fibrosis [40] , primary pulmonary hypertension [53] , and diabetes [52, 54, 55] all have RBCs that release less ATP than those RBCs obtained from healthy controls. It is also established that people with diabetes have RBCs that are less deformable than those of healthy patients [56, 57] . If C-peptide has the ability to improve this reduced deformability, it is likely that it will increase RBC-derived ATP, as these cells flow through resistance vessels in the intact circulation [40, 58] .
Recent data has also suggested that ATP may be a determinant in platelet activity in vivo [47] . ATP acts on platelets through the P2X receptor, which regulates a calcium ion channel in platelets. The P2X receptor, and hence ATP, has been reported to not participate in platelet activation or subsequent aggregation steps. However, recently, our group has demonstrated that ATP does indeed participate in platelet activity. In fact, it was shown that below normal levels of ATP binding to the P2X receptor resulted in a decrease in NO production by platelets, resulting in an increase in platelet aggregation [47] . However, as ATP levels increased, both the NO production and aggregation rates of platelets decreased. As the ATP levels continued increasing, the platelets again began to aggregate. This trend suggested that below normal and above normal levels of ATP resulted in an increase in platelet aggregation. The key feature of these studies, in relation to diabetic complications, is that people with type 1 diabetes, having minimal to no C-peptide in the bloodstream, would likely have below normal levels of RBC-derived -activated C-peptide. Cpeptide alone or Zn 2+ alone had no effect on platelet adhesion. These data suggest that C-peptide-induced ATP release from RBCs may have a beneficial effect on the reduction of platelet adhesion in vivo.
One of the main questions still requiring further studies is whether or not C-peptide requires metal activation. The answer to this question will become more clear with time. However, even if Cpeptide does require activation, it still needs to be elucidated if the key feature for cellular response is the metal or C-peptide itself. For example, it has been reported that both the full length Cpeptide and its fragments demonstrate activity on RBCs. Our group has been able to reproduce similar studies involving the full length peptide and its fragments (submitted work). Specifically, we have shown that both the full length peptide and its fragments stimulate ATP release from RBCs; however, even the fragments will only elicit this response when bound to zinc. Other studies by our group have shown that the metal alone elicits no response from the RBCs, even at low micromolar levels [52] , and this trend also holds for other cell types, as shown in Figure 2 .
It is quite clear that C-peptide exerts effects on cells. It seems that almost all of these effects are beneficial. While previous studies have demonstrated that C-peptide affects intracellular mechanisms, its ability to stimulate ATP release from RBCs enables C-peptide to affect intercellular communication [59, 60] , and mechanisms. To date, our group has demonstrated that RBCderived ATP, stimulated by C-peptide, can increase NO production in endothelial cells and platelets, and affect platelet adhesion to endothelial cells.
In our opinion, C-peptide may be to the components of the bloodstream as insulin is to other tissues. Studies to date performed in our laboratory seem to suggest that C-peptide strongly affects cells whose main glucose transporter is GLUT1. Importantly, insulin is not a determinant in glucose uptake through GLUT1. However, future work will be required to determine the mechanism by which the glucose increase into cells is occurring. In summary, future work should focus on elucidating whether diabetes is indeed a single (insulin) or multiple (insulin and C-peptide) disease. If activation of C-peptide with Zn 2+ is validated by other groups, it will be more facile to determine the roles of each substance in diabetic complications.
